Abstract: Background and aims: Ingestion of paraquat (PQ), a widely used herbicide, can cause severe toxicity in humans, leading to a poor survival rate and prognosis. One of the main causes of death by PQ is PQ-induced pulmonary fibrosis, for which there are no effective therapies. The aim of this study was to evaluate the effects of rapamycin (RAPA) on inhibiting PQ-induced pulmonary fibrosis in mice and to explore its possible mechanisms. Methods: Male C57BL/6J mice were exposed to either saline (control group) or PQ (10 mg/kg body weight, intraperitoneally; test group). The test group was divided into four subgroups: a PQ group (PQ-exposed, non-treated), a PQ+RAPA group (PQ-exposed, treated with RAPA at 1 mg/kg intragastrically), a PQ+MP group (PQ-exposed, treated with methylprednisolone (MP) at 30 mg/kg intraperitoneally), and a PQ+MP+RAPA group (PQ-exposed, treated with MP at 30 mg/kg intraperitoneally and with RAPA at 1 mg/kg intragastrically). The survival rate and body weight of all the mice were recorded every day. Three mice in each group were sacrificed at 14 d and the rest at 28 d after intoxication. Lung tissues were excised and stained with hematoxylin-eosin (H&E) and Masson's trichrome stain for histopathological analysis. The hydroxyproline (HYP) content in lung tissues was detected using an enzyme-linked immunosorbent assay (ELISA) kit. The expression of transforming growth factor-β1 (TGF-β1) and α-smooth muscle actin (α-SMA) in lung tissues was detected by immunohistochemical staining and Western blotting. Results: A mice model of PQ-induced pulmonary fibrosis was established. Histological examination of lung tissues showed that RAPA treatment moderated the pathological changes of pulmonary fibrosis, including alveolar collapse and interstitial collagen deposition. HYP content in lung tissues increased soon after PQ intoxication but had decreased significantly by the 28th day after RAPA treatment. Immunohistochemical staining and Western blotting showed that RAPA treatment significantly down-regulated the enhanced levels of TGF-β1 and α-SMA in lung tissues caused by PQ exposure. However, RAPA treatment alone could not significantly ameliorate the lower survival rate and weight loss of treated mice. MP treatment enhanced the survival rate, but had no significant effects on attenuating PQ-induced pulmonary fibrosis or reducing the expression of TGF-β1 and α-SMA. Conclusions: This study demonstrates that RAPA treatment effectively suppresses PQ-induced alveolar collapse and collagen deposition in lung tissues through reducing the expression of TGF-β1 and α-SMA. Thus, RAPA has potential value in the treatment of PQ-induced pulmonary fibrosis.
Introduction
Paraquat (N,N-dimethyl-4,4'-bipyridinium dichloride; PQ) is one of the most widely used herbicides in developing countries. However, it is also a highly toxic compound for both humans and animals, which accounts for a high mortality rate each year resulting from accidental or voluntary ingestion (Vale et al., 1987; Baltazar et al., 2013) . Regular care of PQ-poisoned patients, including gastric lavage and haemoperfusion, does not reduce their mortality rate. This is mainly because PQ selectively accumulates in the lungs, leading to irreversible pulmonary fibrosis. Previous studies have revealed that a combination of glucocorticoid and cyclophosphamide can improve the survival rate of PQ-poisoned patients or animal models, and reduce the pathological changes in the lung tissues, such as inflammatory cell infiltration, in the early stages of acute lung injury (ALI) (Rocco et al., 2003; Li et al., 2014) , but this therapy does not have a significant effect in preventing progressive pulmonary fibrosis. Some other potential agents, such as docosahexaenoic acid (DHA) (Chen J. et al., 2013) and naringin (Chen Y. et al., 2013; Blanco-Ayala et al., 2014) , have been shown to ameliorate PQ-induced pulmonary fibrosis in animal models. However, these new therapies take a relatively long time to achieve a noticeable antifibrotic effect. Therefore, more effective therapies are urgently required.
Rapamycin (RAPA), also known as sirolimus, is a potent inhibitor of the mammalian target of rapamycin (mTOR), which has been increasingly used to prevent graft rejection in solid organ transplantation because of its immunosuppressive effects. RAPA is also attractive in clinical practice due to its potent antifibrotic property. The mTOR protein is a serinethreonine kinase known to be central to a complex intracellular signaling pathway and involved in the processes of cell growth and proliferation. Downstream of mTOR are two main effectors, p70S6 kinase and the translation inhibitor 4E binding protein 1, both of which control the translation of specific mRNAs and the synthesis of particular proteins. RAPA binds intracellularly to the FK506 (tacrolimus)-binding protein to form a complex, which subsequently binds to mTOR to inhibit its ability to signal adequately to its downstream effectors (Hartford and Ratain, 2007) . It has been reported that in animal models RAPA can attenuate progressive chronic kidney diseases, such as tubulointerstitial fibrosis, diabetic nephropathy and compensatory renal hypertrophy (Bonegio et al., 2005; Chen J.K. et al., 2005; Lloberas et al., 2006) . In rat models of liver fibrosis, low-dose RAPA treatment can reduce collagen deposition (Neef et al., 2006) . More recently, several studies have revealed that RAPA can prevent the progression of bleomycin-or transforming growth factor-α (TGF-α)-induced pulmonary fibrosis (Korfhagen et al., 2009; Madala et al., 2011) . As a result, we hypothesized that RAPA treatment may be an effective therapy to ameliorate PQ-induced pulmonary fibrosis.
Pulmonary fibrosis is characterized by fibroblast proliferation, myofibroblast differentiation, and deposition of extra-cellular matrix (ECM) in the lung parenchyma (Tulek et al., 2011) . TGF-β1 is a key fibrogenic cytokine, which plays a critical role in the expression of α-smooth muscle actin (α-SMA) and induction of lung fibrosis (Oka et al., 2013) . α-SMA is the hallmark of myofibroblasts, which are generally considered to be the key effector cells in the development of fibrosis (Wang et al., 2012) . The aim of this study was to evaluate RAPA treatment as a potential novel therapy for attenuating PQ-induced pulmonary fibrosis by assessing its effects on the survival rate, body weight, histology, and hydroxyproline (HYP) content of PQ-treated mice. The possible mechanisms of RAPA treatment in this model were also studied.
Materials and methods

Animals
This study was performed on healthy male C57BL/6J mice, 6 to 8 weeks old, weighing between 20 and 22 g, and kept in the animal center of Zhejiang University, China. The animals were housed in a ventilated room at (22±2) °C with a 12-h dark/12-h light cycle and provided with free access to fresh water and standard rodent chow.
Experimental design
The mice were assigned to either a control group or test groups, each group containing six mice. All the animals were weighed before treatment and then daily throughout the experiment.
In the control group, saline (10 ml/kg body weight) was administered intraperitoneally and then dimethyl sulfoxide (DMSO; 10 ml/kg body weight) was given intragastrically daily. Mice in the test groups received PQ (dissolved in saline) at 10 mg/kg body weight intraperitoneally on Day 0. The mice in the test groups were divided according to the treatment received during the experiment as follows:
(1) PQ group: mice in this group were treated daily with DMSO intragastrically 1 h after PQ administration; (2) PQ+RAPA group: mice in this group were treated daily with RAPA (1 mg/kg, intragastrically) dissolved in DMSO 1 h after PQ administration; (3) PQ+MP group: mice in this group were treated with a single dose injection of MP (30 mg/kg, intraperitoneally) 1 h after PQ administration and then daily with DMSO intragastrically; (4) PQ+MP+RAPA group: mice in this group were treated with a single dose injection of MP (30 mg/kg, intraperitoneally) 1 h after PQ administration and then daily with RAPA (1 mg/kg, intragastrically). Three mice in each group were sacrificed at 14 d and the rest at 28 d after PQ exposure.
Lung preparation
The animals were anesthetized with pentobarbital sodium (10 mg/kg body weight, intraperitoneally) and killed by exsanguination via the arteria angularis. After perfusion of the lungs with 10 ml of normal saline via the right ventricle, individual lung lobes were removed en bloc for further experimentation.
Morphological analysis
The left lower lung lobes were inflation-fixed overnight with 10% neutral buffered formalin. After fixation, lung tissues were embedded in paraffin and cut into 2-μm sections on a cryostat-microtome (Leica Microsystems Nussloch GmbH, RM2245). To visualize the overall tissue architecture and collagen deposition, representative sections were stained with hematoxylin-eosin (H&E) and Masson's trichrome stain. Stained sections were viewed using a microscope (Leica Microsystems Wetzlar GmbH, DFC490) at a magnification of 400×, and the images were analyzed using LAS AF Lite V3.6 software.
HYP content assay
Lung tissues (30 mg) from each mouse were rinsed with 1× phosphate buffer saline (PBS), and then homogenized in 0.3 ml radioimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitors (Beyotime Institute of Biotechnology, st506-1) at 4 °C. The homogenate was centrifuged for 45 min at 15 000 r/min at 4 °C. The supernatant was collected immediately. The HYP content of the supernatant was then determined using an HYP enzyme-linked immunosorbent assay (ELISA) kit (MyBioSource, MBS703512) according to the manufacturer's instructions.
Immunohistochemical staining of lung sections
Paraffin sections with 2-µm thickness were dewaxed in xylene and rehydrated in grade alcohol, and then subjected to heat-mediated antigen retrieval in a pressure cooker. To block endogenous peroxidase activity, sections were immersed in 0.3% H 2 O 2 for 30 min, followed by a serum block with 5% non-fat dry milk for 30 min. The sections were then incubated with primary monoclonal mouse anti-TGF-β1 antibody (1:40 (v/v), R&D, MAB240) at 4 °C overnight and anti-α-SMA antibody (1:100 (v/v), Abcam, ab7817) at 37 °C for 1 h. After washing three times with PBS (pH 7.4) for 5 min each, the sections were incubated with horseradish peroxidase (HRP)-conjugated secondary anti-mouse antibody (Gene Tech, GK500705) for 30 min at room temperature and then developed by diaminobenzidine (DAB). The sections were restained with hematoxylin for 1 min and then dehydrated, cleared, and mounted. Stained sections were photographed using a Leica microscope (Leica Microsystems Wetzlar GmbH, DFC490), and the images were analyzed using LAS AF Lite V3.6 software.
Western blots
Lung tissues were minced and homogenized in 1 ml radioimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitors (Beyotime Institute of Biotechnology, st506-1) at 4 °C. Supernatants were collected after 45 min of centrifugation at 15 000 r/min. Protein concentrations were measured by BCA protein assay (Thermo Scientific, MK166714). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate denatured proteins (100 °C, 5 min; 30 μg per lane). Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, 162-0177) by electroblotting (Bio-Rad, Power Pac Basic). Blots were blocked at room temperature for 2 h with Tris-buffered saline and Tween 20 (TBST) containing 5% (0.05 g/ml) fat-free milk powder, and were subsequently incubated overnight at 4 °C with primary monoclonal mouse anti-α-SMA antibody (1:500 (v/v), Abcam, ab7817) and anti-TGF-β1 antibody (1:1000 (v/v), R&D, MAB240). Monoclonal mouse anti-β-actin antibody at 1:2000 (v/v) dilution (Dawen Biotech, DW9562) was also added as an internal control. Blots were washed three times with TBST for 10 min each and then incubated for 30 min at room temperature with HRP-conjugated secondary anti-mouse antibodies (1:2000 (v/v), Abbkine, A21010-1). After rinsing, signals were detected using electrochemiluminescence (ECL; Biological Industries, 1236507) and scanned with a ChemiDoc MP System (Bio-Rad). The intensity of protein bands was analyzed using Image Lab 4.1 software (Bio-Rad).
Statistical analysis
Data are presented as mean±standard deviation (SD). All analyses were performed using GraphPad Prism 5.0 software (GraphPad Inc., San Diego, CA, USA). Statistical comparisons were performed using one-way analysis of variance (ANOVA). The significance of survival curves was estimated by the Kaplan-Meier method with a log-rank test. P value of <0.05 was considered statistically significant for all experiments.
Results
Survival rate of mice
At 7 d after PQ intoxication, MP treatment had significantly increased the survival rate, with 95% survival in the PQ+MP group (P<0.05) and 96% in the PQ+MP+RAPA group (P<0.05) compared with 70% in the PQ group. RAPA treatment improved the survival rate to 82% in the PQ+RAPA group compared with 70% in the PQ group, and to 96% in the PQ+MP+RAPA group compared with 95% in the PQ+MP group, but the improvements were not statistically significant (Fig. 1). 
Body weight changes
There was a remarkable loss of weight 1 d after PQ intoxication (PQ group, PQ+MP group vs. control, P<0.05; PQ+RAPA group, PQ+MP+RAPA group vs. control, P<0.001; Fig. 2) . Instead of attenuating the body weight loss, RAPA treatment was also associated with weight loss, but the reduction was not statistically significant. By the 7th day after PQ administration, the body weight of mice in all the test groups had recovered to baseline.
Morphopathological changes in lung tissues
Typical morphopathological changes in the lung tissues from the mice 14 and 28 d after pulmonary fibrosis induction are shown in Fig. 3 . Compared with the lung tissues of the mice in the PQ and PQ+MP groups, those of the PQ+RAPA and PQ+MP+RAPA groups presented with significantly less pulmonary fibrosis. Gross examination of lungs from the PQ and PQ+MP groups 14 d after intoxication revealed dark red coloration with evident hemorrhagic foci on the surface, whereas lungs from RAPA-treated mice appeared nearly normal compared with those of mice in the control group (Fig. 3a) . H&E staining revealed diffuse alveolar collapse and thickening in lung tissue sections of the PQ and PQ+MP groups. These changes were ameliorated by RAPA treatment. Masson's trichrome staining also showed diffuse perialveolar, peribronchial, and interstitial fibrosis in lung tissue sections of the PQ and PQ+MP groups. In lung tissue . There was also a body weight reduction after RAPA treatment, but it was not statistically significant sections of the PQ+RAPA and PQ+MP+RAPA groups, however, there was mild collagen deposition. Effects of MP treatment (PQ+MP and PQ+MP+ RAPA groups) against pulmonary fibrosis were not evident when the MP groups were compared with the PQ group and the PQ+RAPA group (Fig. 3a) . The PQ-induced pathological changes in gross appearance, H&E staining, and Masson's trichrome staining in lung tissues were more markedly blockaded after RAPA treatment after 28 d (Fig. 3b) .
HYP content analysis of lung tissues
Pulmonary fibrosis is characterized by the accumulation of collagen. Because HYP is found uniquely in collagen (Helene et al., 1999) , HYP content was determined to assess further the severity of the fibrosis presented in lung tissues (Fig. 4) .
HYP content in lung tissues of the mice in the PQ group was significantly increased (P<0.05, compared with control). HYP content decreased after RAPA treatment for 14 d, but not significantly. HYP content also decreased significantly in the lung tissues of the mice in the PQ+RAPA and PQ+MP+RAPA groups, compared with the PQ and PQ+MP groups, respectively, 28 d after RAPA treatment (both P<0.05), indicating that PQ-induced increased collagen deposition was attenuated. MP treatment did not significantly reduce the HYP content.
Fig. 3 Morphopathological changes in lung tissues
Mice were treated with a single dose injection of MP 1 h after PQ administration and then DMSO or RAPA once daily for 14 d (a) or 28 d (b). The gross appearance, H&E staining, and Masson's trichrome staining of lung tissue sections showed less focal hemorrhage, alveolar collapse and thickening, and interstitial collagen deposition, indicating that RAPA treatment could prevent PQ-induced pulmonary fibrosis. The PQ-induced pathological changes after 28 d (b) were more markedly blockaded by RAPA treatment than those after 14 d (a). However, no effect of MP treatment against pulmonary fibrosis was observed 
Expression of TGF-β1 and α-SMA in lung tissues
The expression of TGF-β1 and α-SMA in lung tissues 14 and 28 d after PQ intoxication is summarized in Figs. 5 and 6.
Low levels of TGF-β1 and α-SMA were detected in lung tissues of the mice in the control group. However, there was increased deposition of TGF-β1 and α-SMA 14 d after poisoning in the PQ group and the PQ+MP group (Fig. 5a) . The immunohistochemical staining of α-SMA and TGF-β1 was reduced in lung tissues from the mice treated with RAPA. MP treatment had no significant effects on the regulation of the expression of α-SMA and TGF-β1. The intense staining of TGF-β1 and α-SMA in lung tissues of PQ-poisoned mice was more significantly blockaded after RAPA treatment for 28 d (Fig. 5b) 
Discussion
The purpose of this study was to examine the antifibrotic effects of RAPA, an increasingly used immunosuppressant, in a mice model of PQ-induced pulmonary fibrosis. Our results showed that RAPA treatment could attenuate pulmonary fibrosis progression (Figs. 3 and 4) through down-regulating the expression of TGF-β1 and α-SMA (Figs. 5 and 6 ). However, RAPA did not significantly improve the survival rate or reduce the loss of body weight in this model (Figs. 1 and 2) .
The significant attenuation of alveolar collapse and collagen deposition in histological changes after RAPA treatment was comparable to the effects obtained previously with this model using other potential antifibrotic agents such as DHA and naringin (Chen J. et al., 2013; Chen Y. et al., 2013; Blanco-Ayala et al., 2014) . Interestingly, the observation period of the test groups in our study (14 and 28 d after RAPA treatment) The blots with anti-TGF-β1 antibody and anti-α-SMA antibody are shown in (a) and (d), respectively, and densitometric analysis normalized against β-actin is shown in (b), (c), (e), and (f) differed from that of other studies of novel antifibrotic agents mentioned above. Our results showed that the therapy of RAPA treatment for 14 d could ameliorate progressive pulmonary fibrosis, and the antifibrotic effects were more obvious in the lung tissues of the mice given RAPA for 28 d. The more rapid effect of RAPA compared with DHA (35 d) and naringin (21 d) suggests that RAPA treatment may have a more potent anti-fibrogenesis impact. The key effector cells in the development of pulmonary fibrosis are myofibroblasts (Wang et al., 2012) , which are thought to arise from proliferation or differentiation of resident lung fibroblasts, epithelial-to-mesenchymal transition (EMT) and recruitment of circulating fibrocytes (Tulek et al., 2011; Kendall and Feghali-Bostwick, 2014) . Various cytokines, growth factors, and signaling pathways are involved in these events. TGF-β1 is one of the most potent fibrogenic cytokines to drive EMT, fibroblast proliferation, and myofibroblast differentiation, and then induce ECM production (Cui et al., 2011; Chen et al., 2014) . Previous studies have demonstrated that TGF-β1 contributes to the progress of PQ-induced lung fibrosis (Chen C.M. et al., 2005; Cutroneo et al., 2007) . Moreover, inhibition of TGF-β1 activity or its signaling pathways can significantly attenuate PQ-induced pulmonary fibrosis (Chen Y. et al., 2013) . On the other hand, the mTOR protein is involved in the growth and proliferation of fibrosis response cells (Hartford and Ratain, 2007; Xu et al., 2013) . As an inhibitor of mTOR, RAPA is thought to affect the cell cycle through the FK506-RAPA complex, by increasing p27 levels in S phase and decreasing p21 levels in G 1 phase, to diminish the number of interstitial fibroblasts and myofibroblasts (Biecker et al., 2005) . Recent research also suggests that TGF-β signals via not only Smad-2 and Smad-3, but also the AKT/mTOR axis (Geissler and Schlitt, 2010) . In the present study, RAPA treatment displayed inhibitory effects on the expression of TGF-β1 and α-SMA along with a reduction in HYP content. These results provide further evidence for the antifibrotic effects of RAPA treatment and support the potential role of TGF-β1 in PQ-induced pulmonary fibrosis.
Despite the promising antifibrotic effects of RAPA on pulmonary fibrosis shown in our study, the survival rate failed to improve significantly after RAPA treatment alone. However, the mice that received the combination of RAPA and MP treatments had a longer life expectancy. We suggest two possible reasons for this. RAPA has an insignificant effect on ameliorating the progression of ALI, which accounts for early mortality after PQ intoxication (Park et al., 2014) . On the other hand, MP, a kind of synthetic corticosteroid drug, can improve the survival rate of PQ patients mainly because of its potent antiinflammatory effects (Chen G.H. et al., 2002; Wu et al., 2014) . In our study, MP treatment did not alleviate pulmonary fibrosis. This finding is in agreement with the conclusions of some recent studies which indicated that MP treatment could decrease inflammatory cell infiltration, but could not further improve lung histology (Chen C.M. et al., 2002) . Our study also showed that RAPA treatment could not block the trend of body weight loss and may even worsen it. This result was inconsistent with some previous studies (Korfhagen et al., 2009; Madala et al., 2011) . We speculate that this discrepancy may be caused mainly by the different animal models established: TGF-α-and bleomycin-induced pulmonary fibrosis might have less severe lung damage and a lower incidence of multiple organ dysfunction syndrome (MODS) . The reduction in body weight after RAPA treatment indicated that RAPA had adverse effects on the PQ-poisoned mice, caused mainly by its immunosuppressive property (Pham et al., 2004; Lee and Gabardi, 2012) .
In summary, our study showed for the first time that RAPA has significant inhibitory effects on progressive pulmonary fibrosis in the PQ intoxication mice model. These effects may be partly ascribed to the inhibition of TGF-β1. In some clinical practices, this agent has been used to rescue PQ-poisoned patients (Barrueto et al., 2008; Lorenzen et al., 2010) , but the success rate is not adequate. Hence, further studies of RAPA are needed to confirm its suitability as a new antifibrotic agent in PQ-induced pulmonary fibrosis.
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